In this study, we analyzed the night-time light dynamics in Iraq over the period 2012-2017 by using Visible Infrared Imaging Radiometer Suite (VIIRS) monthly composites. The data quality of VIIRS images was improved by repairing the missing data, and the Night-time Light Ratio Indices (NLRIs), derived from urban extent map and night-time light images, were calculated for different provinces and cities. We found that when the Islamic State of Iraq and Syria (ISIS) attacked or occupied a region, the region lost its light rapidly, with the provinces of Al-Anbar, At-Ta'min, Ninawa, and Sala Ad-din losing 63%, 73%, 88%, and 56%, of their night-time light, respectively, between December 2013 and December 2014. Moreover, the light returned after the Iraqi Security Forces (ISF) recaptured the region. In addition, we also found that the night-time light in the Kurdish Autonomous Region showed a steady decline after 2014, with the Arbil, Dihok, and As-Sulaymaniyah provinces losing 47%, 18%, and 31% of their night-time light between December 2013 and December 2016 as a result of the economic crisis in the region. The night-time light in Southern Iraq, the region controlled by Iraqi central government, has grown continuously; for example, the night-time light in Al Basrah increased by 75% between December 2013 and December 2017. Regions formerly controlled by ISIS experienced a return of night-time light during 2017 as the ISF retook almost all this territory in 2017. This indicates that as reconstruction began, electricity was re-supplied in these regions. Our analysis shows the night-time light in Iraq is directly linked to the socioeconomic dynamics of Iraq, and demonstrates that the VIIRS monthly night-time light images are an effective data source for tracking humanitarian disasters in that country.
Introduction
The Iraqi Civil War (2014-2017) has brought a severe humanitarian disaster to Northern Iraq, with more than 60,000 deaths and more than three million internally displaced persons [1, 2] . In January 2014, the Islamic State of Iraq and Syria (ISIS), which rapidly grew during the Syrian Civil War, seized Fallujah city in Al-Anbar Province. This operation was considered the first major success for ISIS in Iraq. After that, ISIS occupied a number of Northern Iraqi cities and towns, including Mosul and Tikrit, by June 2014. On 29 June 2014, ISIS announced the establishment of a new caliphate, named the Islamic State (IS), with Abu Bakr al-Baghdadi as its caliph. The ISIS was responsible for a great number of massacres (such as Sinjar Massacre of the Yezidi [3] ) while in control. Over the period 2015-2016, the Iraqi Security Forces (ISF), militant groups, and Kurdish forces (also called Peshmerga) (1) Border data. The provincial and international border data of Iraq were downloaded from Global Administrative Areas (www.gadm.org), geographic coordinates of centers of the selected cities were extracted from Google Earth (Figure 1 ), and borders of ISIS-controlled regions in January 2015 were digitalized from a media website [48] . (2 
Methods

Data Preprocessing
For convenient analysis of multi-temporal VIIRS images, spatial and temporal continuity of the images is necessary. However, data are missing or partly missing for 10 months between images in the adjacent months are available. Images from these months were interpolated by simply averaging the data from the two adjacent months using the following equation:
where
i , and R (t+1) i denote the radiance of ith pixel in (t − 1)th, tth, and (t + 1)th months, respectively.
For the missing data in May 2017 and June 2017, we used two simple linear interpolation equations to estimate the missing data:
i , and R (t+1) i denote radiance of ith pixel in (t − 2)th, (t − 1)th, tth, and (t + 1)th months, respectively. In this analysis, (t − 2)th, (t − 1)th, tth and (t + 1)th months denote April 2017, May 2017, June 2017, and July 2017, respectively. The time series images were denoised so that some abnormal values were filtered out [49] .
Iraq is an oil-rich country, and some regions are lighted by oil wells due to the blooming effect. At present, there is no effective method to remove the blooming effect of flaring gas from night-time light images directly. A practical way is to mask out the regions that are potentially impacted by the flaring gas. We developed a simple way to mask out the blooming effect. We set a threshold of 500 NanoWatt/(cm 2 sr) to extract the flaring gas region. A distance of 10 km was used to generate a buffer zone from the extracted flaring gas region, and then the region and buffer zone were combined to generate boundaries of the regions impacted by the blooming effect. Using this method, some urban areas, contaminated by the flaring gas at night, were masked out and discarded for analysis.
Calculation of Sum of City Light and Night-Time Light Ratio Index
In this study, the sum of city light (SCL) is used to analyze city light dynamics. First, a built-up proportion map for Iraq is generated from the land cover map of Iraq by aggregating the built-up pixels to the resolution of VIIRS images. After that, a threshold of 0.05 is used to generate a built-up extent map ( Figure 5 ) from the proportion map. Then, the sum of city light (SCL) is generated using the following equation:
where r i denotes radiance value of ith pixel of the VIIRS image, u i denotes whether the ith pixel belongs to the built-up area (u i = 1) or not (u i = 0), and g i denotes whether the ith pixel falls into the mask of the flaring gas (g i = 0) or not (g i = 1). This equation means the pixels, which fall into the urban area and out of flaring gas mask, are collected to calculate the SCL for a region. For each region, the SCL values are calculated for all months, and then they are divided by the SCL value in the kth month to derive the Night-time Light Ratio Index (NLRI):
where s i and s k denote the SCL for ith and kth month, respectively, and r i denotes the night-time light ratio index for the ith month. In this study, the kth month is December 2013, which is before the ISIS invasion of Iraq. The NLRI has proved to be a stable index to represent the city light dynamics [32] , and it will be used to analyze time series data in this study. time light ratio index for the ith month. In this study, the kth month is December 2013, which is before the ISIS invasion of Iraq. The NLRI has proved to be a stable index to represent the city light dynamics [32] , and it will be used to analyze time series data in this study. 
Detecting Darker Regions
Whether a region was darker than the pre-war level was potential evidence to reflect the impact of war on the region. The night-time light change in most of the Iraqi regions shows seasonal change patterns, which widely exist in different countries due to a variety of factors including the seasonality of land surface reflectance, the plant phenology, or the atmospheric component [33, 50] . Considering the seasonality, following steps are used to judge whether there was less night-time light in a region than in the pre-war period, and if yes, how much light declined in the darkest period compared to the pre-war period.
NLRIi, which is the time series NLRI data for the ith region, is decomposed into the cyclic component ci and trend component ti using the Hodrick-Prescott filter. The Hodrick-Prescott filter has been widely used in time series economic data analysis [51] and has been used in remote sensing data analysis [52] . For the extracted trend component data ti, the minimal value during December 2013 to December 2017 was extracted as mi, and the value for December 2013 is ni. If ni > mi, it indicates the region has a darker period during the war than the pre-war level, and the ratio of light decline is calculated as (mi − ni)/ni, otherwise, there is no darker period during the war. 
NLRI i , which is the time series NLRI data for the ith region, is decomposed into the cyclic component c i and trend component t i using the Hodrick-Prescott filter. The Hodrick-Prescott filter has been widely used in time series economic data analysis [51] and has been used in remote sensing data analysis [52] . For the extracted trend component data t i , the minimal value during December 2013 to December 2017 was extracted as m i , and the value for December 2013 is n i . If n i > m i , it indicates the region has a darker period during the war than the pre-war level, and the ratio of light decline is calculated as (m i − n i )/n i , otherwise, there is no darker period during the war.
Annual Change Rate of Night-Time Light
To show the temporal pattern of provincial night-time light over time on maps, we calculated the night-time light change rate of each province for each year by calculating the SCL change rate for December 2013 to December 2014, December 2014 to December 2015, December 2015 to December 2016, and December 2016 to December 2017.
Multiscale Analysis of Night-Time Light Dynamics
In this study, we analyze the night-time light dynamics at the provincial and city scales. In the provincial analysis, we grouped the 18 Iraqi provinces into three types: (A) Northern Iraq, formerly occupied or partly occupied by ISIS; (B) Southern Iraq, which includes Iraqi central government-ruled regions and was never occupied by ISIS; and (C) the Kurdish Autonomous Region. Although the Kurdish Autonomous Region is also located in the north, this is a special area recognized by the international community. Table 1 provides the classification of these regions. In addition to analysis at the provincial scale, we applied a city-level analysis to derive detailed information about change in night-time light. The majority of the formerly ISIS-controlled Iraqi territory is located in the three provinces, Al-Anbar, Sala Ad-Din, and Ninawa. A previous study selected 13 major cities in these provinces for time series analysis to evaluate the impact of conflict in the region [32] . In our study, we selected 12 cities out of the 13 cities, removing Baiji, because the image patches for that city are contaminated by the strong blooming effect from the oil refinery in the city. The 12 cities, all located in Northern Iraq, are Ramadi, Tikrit, Ad-Dawr, Al-Qa'im, Ar Rutba, Baghdadi, Fallujah, Haditha, Hīt, Samarra, Tal Afar, and Mosul ( Figure 1) . To highlight the night-time light dynamics in these 12 cities, we added a control group of cities, which are located in the Southern Iraq and were never occupied by ISIS. These cities are Najaf, Al Diwaniyah, Al-Hillah, Samawah, Afak, and Shamia ( Figure 1 ). For each city, except Mosul, a circular buffer zone with a radius of 5 km was generated. For Mosul, the radius was set to 15 km because of the city size. Thus, each city has an associated region for calculating NLRI.
Results
Night-Time Light Dynamics by Provincial Analysis
For all Iraqi provinces, Figure 6 and Table 1 provide the time series NLRI, and the night-time light dynamics is clearly shown. In addition, we extracted the region that had a darker period during the conflict, deriving decomposition components ( Figure 7 ) and results ( Figure 8 ). We can see that We find that all provinces in Northern Iraq and the Kurdish Autonomous Region became darker after the war began, while all the provinces in Southern Iraq continuously became brighter. For all the provinces in Southern Iraq, it is interesting to see that night-time light showed a stable increase, indicating the region was not severely affected by ISIS. For example, the night-time light from Al-Basrah in December 2014, December 2015, December 2016, and December 2017 increased by 29%, 57%, 71%, and 75%, respectively, as compared to that of December 2013. Among the five provinces of Northern Iraq, Al-Anbar, At-Ta'min, Ninawa, and Sala Ad-din showed a dramatic decline in night-time light during the conflict, losing 63%, 73%, 88%, and 56%, respectively, from December 2013 to December 2014, which is consistent with the events, as ISIS occupied many cities, towns, and villages in these four provinces during 2014 [53, 54] . [53, 54] . Figure 9 shows the annual change rates of night-time light for all provinces. Figure 9 shows that in 2014, the light declined in Northern Iraq, except Diyala, with the other four provinces losing more than 50%, while the night-time light only decreased slightly in the Kurdish Autonomous Region, and the light increased in Southern Iraq. In 2015, the light change pattern is much more complicated: the ISIS-invaded Ninawa and Sala ad-Din provinces show night-time light return, while the rest of Northern Iraq and the Kurdish Autonomous Region continued to lose light. We also found that four provinces in Southern Iraq had a slight loss of light. In 2016, the light in Al-Anbar and Sala ad-Din returned substantially, but the amount of light in Ninawa dropped dramatically again, and the light in all provinces in Southern Iraq increased. In 2017, nearly all the provinces in Iraq had an increase in light, with the exceptions of Arbil and As-Sulaymaniyah in the Kurdish Autonomous Region. In summary, the light in Southern Iraq generally increased, with minor fluctuations in some provinces in 2015. The light in Northern Iraq declined most dramatically, but also experienced a strong return, as the electricity supply fluctuated. Meanwhile, the amount of light in the Kurdish Autonomous Region showed a general decline. Figure 9 shows the annual change rates of night-time light for all provinces. Figure 9 shows that in 2014, the light declined in Northern Iraq, except Diyala, with the other four provinces losing more than 50%, while the night-time light only decreased slightly in the Kurdish Autonomous Region, and the light increased in Southern Iraq. In 2015, the light change pattern is much more complicated: the ISIS-invaded Ninawa and Sala ad-Din provinces show night-time light return, while the rest of Northern Iraq and the Kurdish Autonomous Region continued to lose light. We also found that four provinces in Southern Iraq had a slight loss of light. In 2016, the light in Al-Anbar and Sala ad-Din returned substantially, but the amount of light in Ninawa dropped dramatically again, and the light in all provinces in Southern Iraq increased. In 2017, nearly all the provinces in Iraq had an increase in light, with the exceptions of Arbil and As-Sulaymaniyah in the Kurdish Autonomous Region. In summary, the light in Southern Iraq generally increased, with minor fluctuations in some provinces in 2015. The light in Northern Iraq declined most dramatically, but also experienced a strong return, as the electricity supply fluctuated. Meanwhile, the amount of light in the Kurdish Autonomous Region showed a general decline. 
Night-Time Light Dynamics by City Analysis
Figures 10 and 11 provide the NLRI curves for the 12 selected cities in Northern Iraq and six selected cities in Southern Iraq, respectively. Table 2 provides the relative SCL for annual change of all 18 cities. We found that nearly all the selected cities in Northern Iraq experienced a sharp decline in night-time light. The most extreme cases are Tikrit, Al-Qa'im, Ar Rutba, Fallujah, Hit, Tal Afar, and Mosul which lost 100%, 96%, 94%, 98%, 97%, 98%, and 94%, respectively, between December 2013 and December 2014. The only exception is Samarra, which was controlled by the ISF all the time, and did not show much decline in light during all the periods. It is interesting to see from Table 2 that Baghdadi did not experience much decline of light, even though the decline is very clear in Figure  10 , indicating that the short term change is sometimes missed when calculating the annual change. For the six selected cities in Southern Iraq, the night-time light shows stable or stably increasing patterns which are different from those of Northern Iraq. 
Figures 10 and 11 provide the NLRI curves for the 12 selected cities in Northern Iraq and six selected cities in Southern Iraq, respectively. Table 2 provides the relative SCL for annual change of all 18 cities. We found that nearly all the selected cities in Northern Iraq experienced a sharp decline in night-time light. The most extreme cases are Tikrit, Al-Qa'im, Ar Rutba, Fallujah, Hit, Tal Afar, and Mosul which lost 100%, 96%, 94%, 98%, 97%, 98%, and 94%, respectively, between December 2013 and December 2014. The only exception is Samarra, which was controlled by the ISF all the time, and did not show much decline in light during all the periods. It is interesting to see from Table 2 that Baghdadi did not experience much decline of light, even though the decline is very clear in Figure 10 , indicating that the short term change is sometimes missed when calculating the annual change. For the six selected cities in Southern Iraq, the night-time light shows stable or stably increasing patterns which are different from those of Northern Iraq. 
Discussion
Comparison with Previous Study
A previous study analyzed the night-time light dynamics in 13 cities during the 2014 Northern Iraq insurgency and found that the ISIS-controlled cities fell into darkness [32] . This study is a significant extension of that previous work, extending the spatial extent to the entirety of Iraq and the temporal extent to six years. This provides a full picture of the night-time light change before and during the Iraqi Civil War as well as during reconstruction.
Patterns of the Night-Time Light
At the provincial level, Figure 8 shows that all the provinces in Northern Iraq and the Kurdish Autonomous Region experienced periods during the war that were darker than the pre-war level, while Southern Iraq did not have such periods, although there was a minor decline in night-time light during some months for some provinces in this region. Among all the provinces in Northern Iraq and the Kurdish Autonomous Region, Al-Anbar, Ninawa, and At-Ta'min experienced the most severe decline in night-time light. It is not surprising to see that night-time light in Northern Iraq declined dramatically after ISIS occupation in 2014. Furthermore, these regions became brighter with the return of the electricity supply after the ISF recaptured them. Our results also indicate that the electricity supply, which is an important economic indicator, remained well developed in Southern Iraq during the civil war. Moreover, we found the night-time light in Kurdish Autonomous Region continuously declined from 2014, indicating electricity shortages in this region. As the international community cannot access the economic data for the region [55] , night-time light data provides a new perspective on socioeconomic dynamics in the Kurdish Autonomous Region.
In fact, in contrast to the popular impression that all of Iraq is very dangerous due to ISIS, Southern Iraq is no more dangerous than a normal Arabian country [56] . While Northern Iraq was suffering from the war, Southern Iraq remained under stable development; the electrical capacity of Iraq increased from 10,000 MW to 13,000 MW between 2013 and 2016 [55, 57] . Furthermore, annual oil production also increased steadily [58] as most of the oil wells are far from ISIS-controlled areas [59] . In addition, Southern Iraq was supplied with more electricity, as the Iraqi government cut the electricity supply in ISIS-controlled regions by severing them from the national power grid [60] . The Diyala province in Northern Iraq is regarded as a province partly controlled by ISIS [48] , but the ISIS presence was only around the town of Muqdadiyah [48, 61] , and thus the Diyala province as a whole was a less violent region than other Northern Iraqi provinces [62] . This might explain why the night-time light in Diyala only decreased 12% between December 2013 and December 2016. It is also interesting that the night-time light of all the provinces in Northern Iraq returned between December 2016 and December 2017, indicating that access to electricity was restored after they were restored to government control by the Iraqi Security Forces and their allies. The Kurdish Autonomous Region has been in a major economic crisis since 2014 due to factors such as the war budget, evacuation of both international and local investment, and reduced financial support from the central government [63] [64] [65] [66] [67] , resulting in electricity shortages in the region.
Effect of Conflict Events on the Night-Time Light Dynamics
At the city level, the NLRI is clearly responsive to the battles in the cities. For example, the battle between the ISIS and ISF in Ramadi started in January 2014. There were several rounds of seesaw battles, however, the ISF finally recaptured the city in February 2016. Responding to the events in Ramadi, night-time light sharply declined starting in early 2014 and dropped to a nadir point in February 2016, afterwards returning stably. Descriptions of conflict events and night-time light changes for all 12 cities are listed in Table A1 of the Appendix. Comparing the events and night-time light dynamics, we found the timeline of events and the light dynamics are very close for most of the cities: night-time light declined sharply as ISIS attacked or occupied a city and returned when the ISF retook the city. In addition, all the cities, except Samarra and Haditha which never fell into ISIS control, show a sharp decline in night-time light during 2014.
To directly display how ISIS activity influenced the night-time light at the provincial scale, vertical dotted lines in red color were added to NLRI curves of all the Northern Iraq provinces ( Figure 6 ); these lines represent the month when ISIS started an offensive in the region. Although the ISIS occupied or attacked some cities in early 2014, most of the cities were far from the ISIS until June 2014, so the month when the ISIS started an offensive in Al-Anbar, At-Ta'min, Ninawa, and Sala ad-Din was set to June 2014, and the month for Diyala was March 2014. We found that the ISIS offensive had very clear effect on time series night-time light in Al-Anbar, At-Ta'min, Ninawa, and Sala ad-Din; however, the cut-off effect on the night-time light in Diyala was not significant, since Diyala was less affected by ISIS incursions [62] . The ISIS retreated rapidly from each province in Northern Iraq, but for the ISF, reclaiming territory has been a slow process. Thus, we did not analyze the cut-off effect of the ISIS retreat at the provincial scale, but focused on the city scale, where the changes in night-time light were more apparent.
At the city scale, both the ISIS offensive and retreat always occurred in a short time, so the months of when these activities occurred are labelled in red and blue colors (Figure 10 ), respectively. There are 11 cities in this analysis, since Samarra City, which had never suffered an attack from ISIS forces, was excluded. For the 11 cities, except for Ramadi and Haditha, the ISIS offensive had a clear cut-off effect on the night-time light dynamics. The cut-off effect in Ramadi and Haditha was delayed by months, since Ramadi did not fall into ISIS occupation quickly and Haditha never fell under ISIS occupation. In addition, the month of ISIS retreat was a turning point (or very close the turning point) for the 11 cities, indicating that electricity was resupplied as soon as ISIS retreated from most of the cities, except in Baghdadi, Haditha, and Mosul. Since Haditha never fell under ISIS occupation, it is not difficult to explain why the effect of ISIS retreat is not clear in the NRLI curves. The ISF campaign to retake Mosul started in October 2016 and ended in July 2017 (Table A1) , during which the districts of Mosul were retaken one by one. Therefore, electricity was resupplied to the Mosul districts in a temporal order, so the month of July 2017 was not a turning point in the NLRI.
In summary, the ISIS offensive had a clear cut-off effect on night-time light dynamics at the provincial and city scales, while the ISIS retreat was a turning point which increased the night-time light at the city scale.
Limitation and Future Work
In this study, we found that there is a seasonal pattern in the time series night-time light for most of the provinces in Iraq. To detect the trend change in the time series data by removing the seasonality, we used the Hodrick-Prescott filter to separate the cyclic component from the trend component. Although the results show that the darker regions (extracted using the Hodrick-Prescott filter) are consistent with the socioeconomic conditions in Iraq, the filter may have smoothed some real short-term changes. Therefore, finding out the determinants behind the seasonality of VIIRS monthly night-time light dynamics can help to extract real night-time light change more accurately. Another potential limitation of this research stems from the local pass time of the Suomi NPP satellite, occurring around 1:30 a.m. [39] . This is when most of the city light has been turned off, suggesting that the VIIRS night-time light image can only partly reflect the electricity supply. As ground data is difficult to collect in conflict areas, the VIIRS night-time light images are still an attractive option when evaluating the electricity supply. The evaluation can be improved if a model linking electricity consumption and VIIRS night-time light can be set up, considering the local environment and human activities.
Although the monthly night-time light images can help track the effect of conflicts, the temporal resolution is of one month, and this is insufficient for tracking very short-term changes in night-time light. These short-term changes could provide real-time humanitarian information, which is valuable to the international community and aid groups. From this perspective, daily night-time light analysis is needed to accurately monitor humanitarian conditions, but the quality of the original VIIRS Sensor Data Record (SDR) product is not good enough for time series analysis and change detection. Therefore, the VIIRS SDR product must be improved by radiometric correction and gap filling for bad data [41] , so that more accurate conflict assessment can be done in future studies.
Conclusions
In this research, night-time light in Iraq during 2012-2017 was analyzed using VIIRS monthly night-time light images. The data quality was improved through several steps, including missing data repair. A time series Night-time Light Ratio Index (NLRI) was derived for all provinces and 12 cities in Northern Iraq, as well as for six cities in Southern Iraq. The provinces that suffered from darker periods as compared to the pre-war level were detected. The dynamic patterns in the night-time light are as follows:
(1) Most of the Northern Iraq regions showed a sharp decline in light due to the Islamic State of Iraq and Syria (ISIS) invasion in 2014, with light fluctuation after that, and finally light returned after the Iraqi Security Forces (ISF) and its allies recaptured them; (2) The Kurdish Autonomous Region had a continuous light decline from 2014, indicating that the region was lacking in electricity supply due to the economic crisis in the region; (3) All the Southern Iraqi provinces showed a steady light increase, which is quite different to Northern Iraq and the Kurdish Autonomous Region, indicating stable development in regions under Iraqi Government control.
This is the first report on the latter two aspects, revealing new information about the Iraqi Civil War. These findings show the night-time light data acquired by VIIRS is clearly affected by the conflict events of the Iraqi Civil War.
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